Research indicates a reduction in phosphorus content of broiler excreta with the supplementation of phytase to corn-soybean meal based diets or with the use of Low Phytate Corn (LPC). This study examined how broiler chicks are impacted by phytase supplementation to a LPC [0.136% Phytate Phosphorus (PP) by analysis] based diet. Different dietary inclusion levels from a 2,500 or a 5,000 FYT/g of Peniophora lycii phytase product were used as experimental treatments. Following a six day pretest, 576 broiler chicks were randomly assigned to one of 12 dietary treatments, using eight diet replicates and six birds per cage. Live performance, tibia ash, mineral digestibility and apparent metabolizable energy were determined. The percent of phosphorus that may have been spared due to each phytase treatment was calculated using response curves created with increasing levels of monocalcium phosphate. Results demonstrated that phytase supplementation to a LPC based diet had a positive impact on broiler chick growth. However, this impact is expressed to a lesser extent than would be expected for normal corn. In addition, phytase efficacy did not vary based on the concentration of phytase product, likely due to adequate mix uniformity.
Introduction
The poultry industry and other livestock operations are facing growing concerns about the land application of manure contaminating surface waters (Sharpley, 1999) . Manure fertilizer for crops provides necessary, but often more than required nutrients for crop growth. The surplus nutrients, phosphorus being of greatest concern, may leach into watersheds and contribute to eutrophication (Grattan et al., 1998; Sharpley, 1999) . Phosphorus is an essential mineral for broiler chicken metabolism and skeletal development. However, twothirds of the phosphorus provided in typical broiler diet ingredients such as corn and soybean is bound to phytic acid (Nelson, 1967; Sohail and Roland, 1999) . Phytate phosphorus is either unavailable or poorly utilized by monogastric animals due to insufficient quantities o f endogenous phytase enzyme that aids in digestion of the phytic acid complex (Waldroup et al., 2000; Angel et al., 2002) . Phytic acid can also act as an anti-nutrient due to the ability of the complex to bind starch, proteins and trace minerals, such as phosphorus, zinc, iron, calcium and magnesium (Kornegay, 1999; Camden et al., 2001; Radcliffe, 2002) . The addition of phytate-degrading enzymes can improve the nutritional value of plant-based foods by enhancing nutrient digestibility through phytate hydrolysis during digestion in the gut (Yi and Kornegay, 1996; Konietzny and Greiner, 2002) . Research has shown that the supplementation of exogenous phytase to broiler diets is an effective means for increasing the availability of phosphorus to the bird and reducing phosphorus excretion by liberating phytate bound phosphorus (Nelson, 1967; Jongbloed and Kemme, 1990; Kornegay et al., 1995; Waldroup et al., 2000; Angel, 2002) . Results of phytase dosage efficacy have been inconsistent, in part this may be due to variable PP content of the diet (Kornegay, 1999; Angel, 2002; Radcliffe, 2002) o r variable uniformity of phytase distribution in the diet (Johnston and Southern, 2000; Angel et al., 2002) . The sparing ability of phytase on inorganic phosphorus is a common determination of phytase efficacy. The amount of inorganic phosphorus spared with the addition of phytase is termed the phosphorus sparing effect. Phytase supplementation is measured in phytase units (FYT) . One phytase unit is defined as the quantity of phytase that generates one micromole of inorganic phosphorus from 5.1 mmol/L of sodium phytate at pH of 5.5 and 37°C (Johnston and Southern, 2000; McMullen, 2001) . Typically, phytase manufacturers claim that 0.1% phosphorus sparing is obtainable with the addition of 300-500 FYT/kg of diet. In contrast, past literature reports that 0.1% phosphorus sparing has been achieved with a range of 781-1413 FYT/kg of diet (Angel et al., 2002) . These large discrepancies in efficacy could be a result of variation in corn and soybean PP content or mix uniformity of the feed (Johnston and Southern, 2000) . Given that young chicks only consume a few grams of feed each day, it is necessary to provide all essential nutrients, in the proper quantity (Beumer, 1991) . Utilizing different concentrations of phytase may alter growth and performance due to uniformity of mix. The addition of a more concentrated product leaves more space available in the diet for other ingredients, but it is more difficult to current study explored the effects of varying phytase ensure that all ingredients are adequately dispersed. Commercial recommendations for mixer Coefficient of Variation (CV) are less than 10% but a CV of 30% has been reported to not be detrimental to performance (Johnston and Southern, 2000) . Thus, phytase efficacy and performance data may vary due to inadequate mixer uniformity. Many studies analyze total phosphorus of the diet, but few include information on PP content and phytase analysis (Angel et al., 2002) . In several studies that focused on similar corn-soybean meal diets, phytase supplementation, total phosphorus and calculated PP results of toe ash were largely varied (Kornegay et al., 1995; Qian et al., 1997; Camden et al., 2001) . More specifically, nonphytate phosphorus (nPP) was calculated to be 0.27-0.28% with 500-600 FYT/kg and toe ash results ranged from 11.6-12.7%. These differences are noteworthy because toe ash i s comparable to tibia ash and both are highly sensitive indicators of phosphorus levels in the broiler chick (Angel et al., 2002) . Inconsistencies in metabolizable energy may also be due to variations in PP content of feed. With the addition of phytase to broiler diets, variations in metabolizable energy from no change (Biehl and Baker, 1997) up to a 5.5% increase have been reported (Camden et al., 2001) . Data are still limited concerning the variability in PP content of feed ingredients (Applegate and Angel, 2003) . Phytate phosphorus analysis of ingredients will allow for improved diet formulation (Angel et al., 2002) . Phytate content of corn can be manipulated to increase phosphorus utilization via the use of genetic engineering for a homozygous lpa1-1 gene (Raboy and Gerbasi, 1996) . This hybrid corn, known as Low Phytate Corn (LPC) or High Available Phosphorus Corn (HAPC) has enhanced phosphorus availability to animals due to low PP levels and increased nPP (Huff et al., 1998; Li et al., 2000) . Low phytate corn and normal yellow dent corn contain similar total phosphorus contents, however, PP and nPP distribution vary. Normal corn has been reported to contain 0.03% nPP. In contrast, LPC contains about 0.17% nPP (Huff et al., 1998; Waldroup et al., 2000; Yan et al., 2001) . Li et al. (2000) demonstrated that phosphorus in LPC is more available than phosphorus in normal corn and that a reduction in phytate content with LPC does not compromise nutritional value. Results have also indicated that phosphorus excretion could b e substantially reduced by substituting LPC for normal corn in the diet (Li et al., 2000) . The combined effects of LPC and phytase supplementation result in marked reduction in phosphorus excretion without compromising broiler chick performance (Huff et al., 1998; Waldroup et al., 2000; Yan et al., 2001) . In an attempt to determine appropriate levels of phytase supplementation in LPC-soybean meal based diets, the concentrations of two different commercial phytase products mixed as adequately as possible on broiler performance and nutrient use.
Materials and Methods
Diet formulation: Experimental LPC-soybean based mash diets were formulated to meet or exceed NRC (1994) recommendations for all nutrients except calcium and phosphorous. Formulations were adjusted t o determine the efficacy of phytase in liberating phosphorus, calcium and energy from phytic acid. All dietary treatments used LPC containing 0.23% total phosphorus, 0.14% PP and by difference 0.09% nPP. Birds consumed a NRC (1994) based pre-test diet formulated with 1% calcium and 0.45% nPP from 1-5 d of age. A series of diets, designated as the standard curve, were created to assist in determining phosphorus-sparing effect. Diets utilized for the standard curve contained 0.8% calcium and varying levels of nPP (0.23% (the control), 0.28%, 0.33% and 0.38%). Nonphytate phosphorus was adjusted using monocalcium phosphate, ground limestone and cellulose. The activities of exogenous phytase in diets were varied by adding different levels of commercial phytase products to the 0.23% nPP control diet (Table 1) .
Feed manufacture: Two dry Peniophora lycii phytase products were used, each containing a different concentration of the enzyme (Product 1 and Product 2). Product 1 contained 2,500 FYT/g and was added to diets in concentrations of 250, 500, 750, 1,000 and 2,000 FYT/kg. Product 2, contained 5,000 FYT/g and was added to diets in concentrations of 250, 500 and 750 FYT/kg. Due to the small inclusions of enzyme, it was essential to ensure adequate homogeneity in the mixer b y determining an appropriate mix time to produce a minimal CV. All diets were mixed in a single screw vertical mixer . Mixer coefficient of variation was 1 determined by mixing 907 kg batch of ground corn and salt for varying lengths of time. To mimic enzyme inclusion, salt was added at 0.01% of the test batch. Ten samples were analyzed from each batch at each test time with Quantab titrators for chloride analysis. Testing 2 procedure followed those of McCoy (1994) . Four 907 kg basal diet batches were formulated (0.23%nPP, 0.38%nPP, a 0.23%nPP diet with Product 1 at 2,000 FYT/kg, a 0.23%nPP diet with Product 2 at 750 FYT/kg) and assayed for phytase , total phosphorus and 3 3
PP to ensure appropriate mix and formulation. High 4 Performance Liquid Chromatography was used t o determine phytate phosphorus with post column detection. The four basal diets were then blended in small rations and in different proportions to create eight additional experimental diets (0.28% nPP, 0.33% nPP, randomly assigned to one of 12 dietary treatments. The Energy (AME) was estimated during the 18 to 21 d experiment was conducted as a randomized complete period. Total excreta collection began after an 18-h fast. block design, from 6-21 d. Treatments were replicated 8
Feed intake and total excreta per pen were measured. times using a pen of 6 birds as an experimental unit.
Excreta were dried for 48 h at 65°C (Namkung and Birds were housed in raised wire brooding cages in a Leeson, 1999) and ground using a Thomas-Wiley Mill, cross-ventilated negative pressure room. Mash feed, Model 4 . Gross energy via adiabatic bomb calorimetry supplied in external troughs and water, supplied through was determined for feed and excreta to calculate AME. nipple drinkers was provided ad libitum. Nipple drinkers Feed and excreta samples were analyzed for total were adjusted by visual inspection to appropriate height phosphorus , soluble phosphorus and calcium b y for chicks (Lott et al., 2001) . Live weight gain was Inductively Coupled Plasma Atomic Emissions determined by difference in chick weights from 6-21
Spectrophotometer . Digestible P and digestible C a days of age. Total feed consumption was calculated and were calculated by percentage differences between feed mortality weights were recorded throughout the and excreta. experiment. Feed conversion was calculated as the feed intake to weight gain ratio and included mortality weight.
Statistical analysis: Statistical analysis was performed On day 21, birds were euthanized and right tibias were with the general linear model program of SAS . The extracted from all birds and pooled by pen for tibia ash analysis of variance probability values are presented for determination of dry fat-free bone. Tibias were dried for the overall 12-treatment comparison. If significance 48 h at 110°C. After drying, bones were defatted with differences were determined (P<0.05) then Fischer's weight remaining as ash. (Table 3) . Diets containing each phytase product were evaluated across increasing levels for linear and quadratic effects. The three treatments containing Product 2 were compared with the three corresponding treatments of Product 1 based on enzyme activity level. Probability values are presented for the product type and enzyme activity level main effects as well as the interaction.
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Results
Feed manufacture: Single screw vertical mix time was determined to be optimal at 40 min. Replicated measures of mixer CV, with 0.01% salt inclusion, did not exceed 18%. Analysis of diets indicated total phytase, total phosphorus and calcium within expected calculated values (Table 1) .
Broiler performance: Live weight gain increased in all experimental treatments compared to the control diet (P<0.05, Table 2 ). Increasing levels of Product 1 had a significant linear effect on LWG (P = 0.0309). Increasing levels of Product 2 did not affect LWG (P>0.05). Live weight gain produced from similar enzyme activities of Product 1 and Product 2 were not different (P = 0.2796). Feed Intake (FI) was greater compared to the control diet for all treatments other than Product 2 at 250 FYT/kg treatments greater than 500 FYT/kg for Product 1 and (P<0.05, Table 2 ). Feed intake did not differ between similar enzyme activities of Product 1 and Product 2 (P = 0.9132). Feed conversion improved with the addition of enzyme in all treatments except Product 1 at 250 FYT/kg (P>0.05, Table 2 ). Increasing levels of Product 1 resulted in a linear decrease in FC (P = 0.0010). This trend was not demonstrated for Product 2 (P = 0.9907). However, similar enzyme activities of Product 1 and 2 were not different in FC (P = 0.9303). Product 1 at 1000 FYT/kg numerically had the lowest FC of all diets containing phytase and highest FC phosphorus sparing effect (Table 2 and 3) . The percent of tibia ash for Product 1 at 500, 1,000 and 2,000 FYT/kg increased compared to the control diet (P<0.05, Table 2 ). Tibia ash produced from birds fed Product 2 did not increase compared to the control diet. Product 1 and Product 2 were not different with respect to tibia ash produced from birds fed similar enzyme activities (P = 0.3343). Treatments did not affect mortality (Table 2) .
Phosphorus sparing:
Phosphorus sparing values were calculated for LWG, FC and tibia ash (Table 3 ). The greatest numerical sparing effects for LWG, FC and tibia ash were associated with Product 1 used at 2,000 FYT/kg, Product 1 used at 1,000 FYT/kg and Product 1 used at 2,000 FYT/kg, respectively.
Mineral and energy utilization:
The addition of phytase increased Ca digestibility from the control diet i n 250 FYT/kg for Product 2 (P<0.05, Table 4 ). Phosphorus digestibility showed a strong trend towards improvement for Product 1 and 2 with increasing enzyme activity levels of 250, 500 and 750 FYT/kg (P = 0.0579). Calcium and phosphorus digestibility were not different when Product 1 and Product 2 contained similar activity levels (P = 0.6534 and 0.8444, respectively). The standard curve did not illustrate a linear increase in phosphorus digestibility as the level of monocalcium phosphate was increased (P = 0.2177); however, calcium digestibility did increase (P = 0.0092). Excreta water soluble phosphorus content increased as monocalcium phosphate increased in the standard curve diets (P = 0.0001). For standard curve diets, the lowest excreta water soluble phosphorus content was associated with the 0.23 calculated nPP control diet. All phytase additions with the exception of Product 1 at 250 FYT/kg produced similar excreta water soluble phosphorus as the control. Increasing enzyme activity levels of 250, 500 and 750 FYT/kg demonstrated decreased excreta water soluble phosphorus (P = 0.0399). However, no differences between Products 1 and 2 at similar enzyme activities were detected (P = 0.8724). Apparent metabolizable energy increased in all experimental treatments containing phytase compared to the control diet (P<0.05, Table 5 ). The effect on AME was similar for Product 1 and Product 2 at similar enzyme activities (P = 0.7966).
Discussion
No differences between Product 1 and 2 at similar enzyme activities could be detected for any measured variable. The greatest phosphorus sparing effects were observed for birds fed Product 1 at 1,000 and 2,000 FYT/kg; activity levels not tested with Product 2. The lack of difference between Product 1 and 2 may be due to care taken to ensure proper mix uniformity. A CV of less than 10% has become the accepted degree of variation that separates uniform from non-uniform feed mixes (McCoy et al., 1994; Johnston and Southern, 2000) . Coefficient of variation up to 20% has been reported to be adequate for maximum growth performance in broiler chicks with diets containing a 0.03-0.04% marker inclusion (McCoy et al., 1994) . The current study utilized a more concentrated ingredient (Product 2 at 0.01% of the diet). A mixer CV of 18% was the lowest C V achievable with the single screw vertical mixer and 0.01% inclusion. Based on results, this CV was adequate. However, commercial feed mills may not exercise similar mixing caution when including phytase products of high concentration but low volume. Efficacy of phosphorus has been reported to increase with the addition of phytase to LPC, but not as much as reported with normal yellow dent corn (Waldroup et al., 2000) . Low phytate corn contains less phytate bound phosphorus for the phytase to liberate; therefore, reduced efficacy is expected (Radcliffe, 2000; Kornegay, 1999; Angel et al., 2002) . Phosphorus sparing in this experiment was not a s effective as commercial claims of 0.1% with 300-500 FYT/kg. At 500 FYT/kg in Product 1, a 0.052% phosphorus sparing effect was found based on tibia ash. These results were below observations reported by Applegate and Angel (2003) of 0.065% phosphorus sparing with 500 FYT/kg based on tibia ash and normal corn. Feed conversion was the most affected variable for phosphorus sparing with 0.092% at 1,000 FYT/kg in Product 1. Feed conversion and tibia ash are common indices for the determination of phytase efficacy and often the most sensitive for comparing phosphorus sparing (Applegate and Angel, 2003) . The addition of phytase in both products at greater than 500 FYT/kg improved all measured variables, other than tibia ash. Tibia ash efficacy was not consistent, resulting in improvement for Product 1 only at 500, 1,000 and 2,000 FYT/kg compared to the control diet. Product 2 did not improve tibia ash compared to the control. In theory, phosphorus stores in bone would increase with phytase inclusion due to increased liberation of dietary phosphorus. However, tibia ash did not coincide with LWG and FC results suggesting that caution should be used when evaluating phytase efficacy based on tibia ash alone. Although a reduction of total phosphorus is often emphasized in literature, water-soluble phosphorus has the greatest environmental implications o n eutrophication (Miles et al., 2003) . The combination of LPC and phytase in the diet has been reported to reduce water-soluble phosphorus in litter compared with normal corn (Miles et al., 2003) . Applegate and Angel (2003) reported that, with correct phytase inclusion, both total phosphorus and water-soluble phosphorus decrease. However, they also found that incorrect application of phytase and an insufficient decrease in dietary total phosphorus will result in no change i n excreta phosphorus and an increase in water-soluble phosphorus. In the current study, similar trends were demonstrated with the standard curve diets. A s monocalcium phosphorus increased, digestible phosphorus was not significantly improved and excreta water soluble phosphorus was increased. In addition, when phytase was added to the control diet, excreta water soluble phosphorus was typically low (similar to the control) and trends towards improved phosphorus digestibility were observed. Apparent metabolizable energy was markedly increased with phytase supplementation at all levels. Increases in AME up to 6% have been reported (Ravindran, 1999; Camden et al., 2001 ). The addition of phytase to diets may have liberated phosphorus as well as energy substrates bound to phytic acid. Increased energy utilization with added phytase is in part due to increased protein (Camden et al., 2001 ) and starch digestibility (Ravindran, 1999) . In addition, past research has speculated that calcium-phytate complexes with fatty acids, forming metallic soap in the gut lumen that decrease fat utilization (Leeson, 1993; Ravindran, 1999; Ravindran et al., 2000) . Analysis of phytate level of corn is important when utilizing phytase in research or commercial practice to ensure appropriate enzyme use. Inappropriate diet formulation is costly and may result in performance decrements and/or environmental burdens. Low phytate corn may alter enzyme efficacy results. If the PP content of corn is not known, preconceived advantages o f phytase use may not occur. Inclusion of phytase to diets that have been analyzed for PP content allows for a more accurate diet formulation to achieve desired results. The addition of concentrated products, such as phytase, requires uniform mixing to ensure appropriate enzyme dispersion for maximal chick performance.
